The purpose of the present study was to explore the potential behavioural changes of Pseudomonas aeruginosa following growth in different aquatic environmental conditions. To achieve this, P. aeruginosa was cultured in various water microcosms for 12 months under fixed (pH, nutrients and temperature) factors. P. aeruginosa responses to these conditions were investigated using colony morphotype, biochemical and enzymatic characterisation, pyocin typing, serotyping, sensitivity to different classes of antibiotics and molecular identification. Results show that starvation in water microcosms lead to unusual phenotypes. Of interest is that the pyocin changed from 24/n in the wild type to 83/a following culture in the water microcosms, and the serotype changed from O6 in the wild type to O1 in microcosm-cultured P. aeruginosa. Furthermore, the starvation period in various aquatic microcosms enhanced the resistance of P. aeruginosa against beta-lactam antibiotics. Compared to the other aquatic environments, the seawater microcosm produced the greatest amount of variations in P. aeruginosa. Overall, data demonstrated a high adaptability of P.
INTRODUCTION
Pseudomonas aeruginosa is a Gram-negative bacterial pathogen involved in a broad range of infections. It is responsible for chronic lung infections complicating cystic fibrosis (CF). In persons who have CF, acquisition of P. aeruginosa is associated with a decline in pulmonary function, and increased morbidity and mortality (Hauser P. aeruginosa has a remarkable ability to adapt and thrive in a variety of environments, including seawater water (Trautmann et al. ) and water distribution systems (Emde et al. ) . P. aeruginosa adapts to different environmental conditions. In nature, bacteria are exposed to temperature variations, and are affected by the availability of nutrients and water and the presence of toxic molecules. Reacting to these changes requires a series of rapid adaptive responses (Ramos et al. ) . P. aeruginosa adaptation to abnormal conditions may be due to its large genome (6.3 Mb), which supports its enormous metabolic versatility and thus its adaptability to almost any challenging environment. It has been reported that P. aeruginosa adapts rapidly to multiple stressful environmental conditions, including starvation, desiccation and antibiotic treatments (Goh et al.  
MATERIALS AND METHODS

Physicochemical parameters of the water samples
This study used five different types of water sample: seawater (Sw), textile wastewater (Tww), industrial wastewater (Iww), urban wastewater (Uww) and mineral water (Mw). Water samples were prepared as previously described (Darcan et al. ) . Physicochemical parameters were then determined (Chau ; Muttil & Chau ) : pH, electrical conductivity (EC), sodium (Na þ ), chloride (Cl À ), sulphate (SO 4 2À ), calcium and magnesium (Ca 2þ , Mg 2þ ), chemical oxygen demand (COD) and biochemical oxygen demand (BOD 5 ). Each experiment was conducted at 25 W C, with duplicate determinations of all of the parameters.
Strain and water microcosms
The wild-type strain used in this study was P. aeruginosa ATCC-27853 (American Type Culture Collection). This is a laboratory prototype strain used for susceptibility controls in antibiotic resistance assays and was purchased from Charles Nicole Hospital (Tunis, Tunisia). To prepare inocula, P. aeruginosa ATCC-27853 cells were first inoculated into tubes containing 10 ml of Luria Bertani (LB) broth. The tubes were then incubated at 37 W C with agitation at 120 rpm until the absorbance growth reached an optical density of 1.0 at 620 nm. The bacterial cells were subsequently collected by centrifugation (5,000 × g, 20 min), washed three times in M-9 buffer, and adjusted to a concentration of 1 × 10 5 CFU/ml and used to inoculate different water microcosms. Five 100 ml microcosms were prepared from Sw, Tww, Iww, Uww and Mw, which had been sterilised by filtration through a 0.22 μm pore size cellulose-ester membrane, and inoculated with 1 × 10 5 CFU, as previously reported (Vachée et al. ) . Control microcosms were non-inoculated filtered sterile waters. All of the microcosms were incubated at 25 W C for 12 months.
Phenotypic characterisation of the stressed strains
Isolation of the colony and phenotypic tests
After 12 months, aliquots from each water microcosm were plated onto cetrimide agar and trypticasein soy agar. The plates were incubated at 37 W C for 48 h; the resulting colonies were then tested for Gram staining and oxidase reaction. Cell growth was tested using tubes containing 10 ml of nutrient 
Antibiotic susceptibility
The antibiotic susceptibility test was performed by using the disk diffusion method as indicated by the Antibiogram Committee of the French Society for Microbiology (CA-SFM). The experiments were performed with triplicate determinations of the inhibition diameter.
Mueller-Hinton agar plates (bio-Rad
Pyocin typing by the spotting method
Indicator strains for pyocin typing were purchased from the () and were placed separately onto the plates by adding a volume of 0.2 ml from each bacterial indicator to 5 ml of molten, semi-solid agar (1% peptone, 0.5% agar) held at 45 W C and poured as overlays. Once the overlays had set, the plates were incubated for 18 h at 37 W C and the pyocin types were determined by the appearance of clear inhibition zones around the bacteria. The recognition of different inhi- The experiment was repeated three times.
RESULTS AND DISCUSSION
Morphological responses of P. aeruginosa Table 1 presents the physicochemical parameters of the water samples used to prepare microcosms with a pH ranging between 7.5 and 8.5. The Sw sample displayed high levels of electrical conductivity, salinity and ionic concentrations compared to the other water samples. This ionic composition of the seawater may exert osmotic pressure on the P. aeruginosa growth. The lowest values in terms of physicochemical parameters were shown by Mw (Table 1) .
Relatively high values of Cl À -ions and SO 4 2À -ions were found in Iww and Tww samples, respectively.
The different water microcosms were inoculated with P. aeruginosa ATCC-27853 and incubated for 12 months, then the stressed cells isolated from the microcosms were seeded on cetrimide agar medium. When grown on Congo red agar, ATCC-27853 (wild type) showed dry, dark red colonies (Figure 1(a) ), while the stressed strain isolated from seawater generated round, red, smooth and slightly opaque colonies (Figure 1(b) ). The colony form of the stressed strains isolated from the Tww, Iww, Uww The stressed cells isolated from all of the water microcosms maintained a Gram-negative stain, were oxidasepositive, catalase-positive and were able to grow in nutrient broth at 42 W C, producing pyocyanin and pyoverdin pigment.
Interestingly, the isolate from the Sw microcosm was unable to produce pyocyanin pigment on King A medium.
Moreover, the organism remained cultivable following According to the biochemical analyses ( Although the API 20NE system was useful in identifying bacteria under the imposed stress conditions, there were some limitations. As shown in this study, the urease reaction was a variable factor in P. aeruginosa The prototype strain ATCC-27853 showed activity by five enzymes. After a starvation period in various water media, the isolates displayed no changes in the following enzymatic activities: alkaline phosphatase, esterase, esterase lipase, lipase and leucine arylamidase, as tested by API ZYM. These results support the capability of P. aeruginosa ATCC-27853 to not only survive but to retain most of the metabolic activities in the different water samples, except for the seawater environment, which effected more phenotypic variation in the organisms. The stability of the enzymatic functions may be explained by the fact that mutations did not affect the genes of the wild-type strain.
In fact, extracellular lipase production was also shown to be positively controlled by RsmA in P. aeruginosa (Heurlier et al. ) . Moreover, marine P. aeruginosa living at low nutrient levels, high salinity and alkaline pH (∼8) conditions were different from those isolated from fresh, clinical and coastal waters as showed by Khan et al.
(). However, for the fittest variants to be selected, they must survive over a sufficient period of time under the new conditions. Indeed, Izrael-Zivkovic et al. () reported that even though ATCC-27853 was not isolated from extreme conditions, it did display extracellular lipase with optimal characteristics, namely, temperature 50 W C and pH 9.3 in a water solution.
Molecular detection of P. aeruginosa
Starvation in water microcosms affected the morphological, biochemical, antibiotic, pyocin and serotype changes in the wild-type strain. It was, however, deemed necessary to carry out molecular identification in order to confirm the microbial species. PCR amplification of the 16S-23S rDNA ITS region with primers Paer1 and Paer2 generated a 181 bp DNA fragment from all of the strains isolated from the water microcosms and were identified as P. aeruginosa ( Figure 2) . Molecular identification by 16S-23S rDNA ITS was therefore very important in our determination of the species of isolate isolated from the aquatic environments. In terms of adaptation to the nutrient deficiency, it appears that the strain adopted new metabolic strategies during its stay in the different water samples. However, these metabolic strategies are still to be identified. Isolates can be genetically identical yet phenotypically different by producing various lipids, proteins and carbohydrates (Poncet et al. ) . It was thus important that molecular detection be performed first for the bacteria isolated from the water and particularly the seawater environment.
Antibiotic susceptibility
The wild-type P. aeruginosa strain displayed natural resistance to ticarcillin, ceftazidime and imipenem. In addition, 
Pyocin production and serotyping
The results ( 
( ), modified character; Si, serotype of P. aeruginosa ATCC-27853 (wild type); S1, S2, S3, S4
and S5 serotypes of stressed P. aeruginosa, respectively, isolated from sea water, textile wastewater, industrial wastewater, urban wastewater and mineral water microcosms; þ , agglutination; -, no agglutination, PMA, serums mixtures; P1, P3, P4 and P6, monovalent sera. The experiment was performed in triplicate. Although serotyping is a common method of phenotyping, its value in relation to the epidemiology may be limited.
Indeed Rahim et al. () showed that the frequency of serotype changes in vivo, is probably due to environmental influences on survival that cause deterioration of the structure of the O antigen of lipopolysaccharide. Seroconversion of a serotype is possible; however, the seroconversion of serotype O6 to O1 was not addressed in our study. It may be explained as described by Rahim et al. () .
CONCLUSIONS
Our study shows that starvation of wild-type P. aeruginosa in various water microcosms gives different isolates with varied phenotypic characters related to the culture environment. We demonstrated that growth of P. aeruginosa in various water microcosms leads to bacteria adapting to their environment through biochemical profile change, morphological variation, antibiotic resistance, type of pyocin and serotype modulations in relation to the aquatic environments. This study clearly demonstrated that environmental conditions promote microbial phenotypic changes that may lead to drug resistance of microorganisms such as P. aeruginosa.
However, further molecular studies could be performed to explain how phenotypic changes and resistance acquisition occur in relation to the environmental conditions.
